 Late Paleozoic bimodal rocks comprising asthenosphere-derived mafic rock and metasediment-derived granite have been discovered in southern Tibet.
lost or hidden as a result of orogenic overprinting and recycled to the mantle via erosion and subduction (e.g., Amelin et al., 1999; Kemp and Hawkesworth, 2006) . Interpreting the information from early geological record is crucial for understanding evolution of continental crust through time and establishing the geodynamic controls on the formation of continent (Belousova et al., 2010; Collins et al., 2011; Dhuime et al., 2012; Kemp and Hawkesworth, 2014) .
The Gangdese Batholith extends for over 1,500 km across the southern Lhasa Block of Tibet, and consists of the Mesozoic to Cenozoic granitoids with depleted mantle-like Nd-Hf isotopic signatures, indicating significant Mesozoic or early Cenozoic crustal growth (e.g., Ji et al., 2009; Ma et al., 2013; Niu et al., 2013; Wei et al., 2017; Zhu et al., 2011 Zhu et al., , 2013 .
Southern Lhasa thus is therefore considered to represent juvenile crust that was accreted to central Lhasa in the Permian-Early Tertiary (e.g., Ji et al., 2009) . Recently numerous inherited zircons of Proterozoic and Paleozoic age have been identified in the Gangdese granitic batholith and these zircons indicate potential Precambrian basement beneath southern Lhasa (e.g., Dong et al., 2010; Guo et al., 2016; Lin et al., 2013; Xu et al., 2013) . However, few pre-Permian magmatic rocks have been found in southern Lhasa and this limits our understanding of the compositional evolution of continent and dynamic history in southern Lhasa (e.g., Dong et al., 2014; Guo et al., 2016; Ji et al., 2012; Metcalfe, 2006 Metcalfe, , 2013 .
In this contribution, we report zircon U-Pb chronology and geochemical data from newly identified Late Paleozoic bimodal magmatism in southern Lhasa. These data, together with stratigraphic and petrographic evidence, provide a robust geological record and are used to (1) assess the petrogenesis and geodynamic setting of the Late Devonian magmatism in southern Lhasa, (2) reconstruct paleogeographic position of the southern Lhasa in the latest Devonian, and (3) reveal crustal evolution history in the southern Lhasa.
Geological background and sample description
From south to north, Himalayan-Tibetan Orogen consists of the Himalaya, Lhasa, Western Qiangtang, Eastern Qiangtang, and Songpan-Ganze blocks (Yin and Harrison, 2000; . These blocks are separated by a series of suture zones, namely the Indus-Yarlung Tsangpo, Bangong-Nujiang, Longmu Tso-Shuanghu, and Jinsha Suture Zones (Figure 1) .
The Lhasa Block represents the southernmost part of the pre-Cenozoic Asian continent and is bounded by the Indus-Yarlung Tsangpo suture to the south and the Bangong-Nujiang suture to the north (Figure 1) (Yin and Harrison, 2000) . It is generally accepted that the Bangong-Nujiang suture formed during the Late Jurassic-mid Cretaceous and the Indus-Yarlung Tsangpo suture marks the closure of the Tethyan ocean during the Paleocene-Eocene (e.g., Aitchison et al., 2003; Chung et al., 2005; Wu et al., 2014; Yin and Harrison, 2000; Zhu et al., 2013) . Based on the distribution of different sedimentary cover rocks and ophiolites, the Lhasa Block has been divided into northern, central, and southern sub-blocks, separated by the Shiquan River-Nam Tso Mélange Zone and Luobadui-Milashan Fault, respectively ( Figure 1) (Zhu et al. 2011 .
The northern sub-block mostly comprises Triassic-Cenozoic sedimentary and Cretaceous magmatic rocks (Leier et al., 2007; Zhu et al., 2013 and references therein) ( Figure S1 ), indicating the existence of juvenile crust rather than reworked ancient crust beneath this sub-block (Zhu et al., 2011 . In addition, Precambrian basement rocks (Amdo orthogneiss), that represent an augen-shaped microcontinent (~150 km long by 80 km wide at its maximum extent) are found in the Amdo area, between northern Lhasa and western Qiangtang (Guynn et al., 2006; Zhu et al., 2013) .
The central sub-block retains the most complete sedimentary record in the region and comprises a Carboniferous-Permian metasedimentary sequence and a Late Jurassic-Early Cretaceous volcano-sedimentary sequence, with minor Ordovician, Silurian, and Triassic limestone (Kapp et al., 2005; Leier et al., 2007; Zhu et al., 2010 Zhu et al., , 2013 along with rare Precambrian strata (Dong et al., 2011) (Figure S1 ), indicating the presence of a Precambrian basement in the central sub-block . The Late Carboniferous to Permian (ca. 301-262 Ma) Sumdo eclogite is exposed along the southern margin of the central Lhasa subblock ( Figures 1 and 2) , and represents a remnant of Paleo-Tethyan oceanic lithosphere Yang et al., 2009 ).
The southern Lhasa sub-block (the Gangdese area) is characterised by extensive Mesozoic-Cenozoic intrusive and volcanic rocks (e.g., Chu et al., 2006; Chung et al., 2005; Ji et al., 2009; Lee et al., 2009; Wen et al., 2008; Zhu et al., 2013) , and coeval granulite and amphibolite facies metamorphic rocks (e.g., Dong et al., 2011; Zhang et al., 2010) . Thus, the southern sub-block has also been considered to represent juvenile crust without Precambrian basement, similar to the northern Lhasa sub-block Zhu et al., 2011) . However, recent studies on some of the granitoids in the southern sub-block have yielded Early Paleozoic and Paleo-and Meso-Proterozoic ages (Figures 1 and 2) (Dong et al., 2010; Lin et al., 2013) .
Late Devonian-Early Carboniferous intrusive rocks have been found in the Gyaca and Nang areas of the eastern Gangdese segment ( Figure 2) and are interpreted as a bimodal igneous association formed in back-arc extensional setting (Dong et al., 2014; Ji et al., 2012;  element data of reference materials (BHVO-2, GSR-1, GSR-2, GSR-3, SARε-4, AGV-2 and W-2a) are given in Table S1 . Sr and Nd isotopic compositions of selected samples were determined using a εC-ICP-εS at SKδaBIG, GIG-CAS. Analytical procedures are similar to those described in Wei et al. (2002) and δi et al. (2004) . The 87 Sr/ 86 Sr ratio of the NBSλ87 standard and 143 Nd/ 144 Nd ratio of the Shin Etsu JNdi-1 standard measured were 0.710254 ± 11 (λ5%, n=21) and 0.5120λλ ± 4 (λ5%, n=15), respectively. All measured 143 Nd/ 144 Nd and 86 Sr/ 88 Sr ratios are fractionation corrected to 146 Nd/ 144 Nd = 0.721λ and 86 Sr/ 88 Sr = 0.11λ4, respectively. The BCR-2, JB-3 and JG-2 as three unknown samples yielded the 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratio were 0.703465 ± 11 (2σ, n=3), 0.703448 ± 8, 0.758583 ± 13, and 0.512λ78 ± 5 (2σ, n=3), 0.513052 ± 5, 0.512214 ± 4, respectively.
All zircon Hf isotope analyses in this study were performed on a Neptune Plus εC-ICP-εS (Thermo Scientific), coupled with a RESOlution ε-50 1λ3 nm laser ablation system (Resonetics), which are hosted at SKδaBIG, GIG-CAS. The detailed description of the two instruments and data reduction procedure can be found in Zhang et al. (2014 Zhang et al. ( , 2015 , respectively. 47 analyses of the Plešovice zircon during the course of this study yielded a weighted mean of 176 Hf/ 177 Hf = 0.282486 ± 0.000005 (λ5%), which is consistent within errors with the reference value of 0.282483 ± 0.000013 in Sláma et al. (2008) .
Measurements of zircon O isotopes were conducted using the Cameca IMS-1280 ion microprobe at IGG-CAS. Analytical procedures are the same as those described by Li et al. (2010a) . Forty-seven measurements of the Penglai zircon standard during the course of this study yielded a weighted mean of δ 18 O = 5.25 ± 0.1λ‰ (Table S2) , which is identical within errors to the reported value of 5.31± 0.10 ‰ (Li et al., 2010b) .
Results

Zircon U-Pb dating
Three amphibolite samples and three two-mica granite samples were selected for zircon dating. Zircons from mafic samples have crystal lengths of ~80-150 m and length/width ratios from 1μ1 to 2μ1, while zircons from the granite samples have crystal lengths of ~150-300 m and length/width ratios from 2μ1 to 3μ1. Zircon U-Pb isotopic data are given in Table   S3 . High Th/U ratios (0.08-1.03) of zircons from the Zhengga amphibolites and granites indicate a magmatic origin (Hoskin and Black, 2000) . U-Pb spot analyses on samples 0λTB78-3, 11SR02-4 and 16εδ05-2, yielded 206 Pb/ 238 U data of 375 to 33λ εa (SIεS), 361 to 343 εa (SIεS) and 363 to 358 εa (δA-ICPεS), with weighted-mean ages of 35λ.4 ± 4.2 εa (εSWD = 2.6), 353.0 ± 2.λ εa (εSWD = 1.6) and 361.6 ± 3.3 εa (εSWD = 0.06), respectively for the three amphibolite samples (Figure 4a-c; Table S3 ). SIεS U-Pb dating on samples 0λTB78-2, 11SR02-1 and 11SR02-3, yielded 206 Pb/ 238 U data of 374 to 350 εa, 388 to 357 εa and 387 to 351 εa, with weighted-mean ages of 35λ.8 ± 4.1 εa (εSWD = 2.4), 364.6 ± 2.5 εa (εSWD = 1.3) and 366.4 ± 2.8 εa (εSWD = 1.5), respectively for the three two-mica granites samples (Figure 4d-f; Table S3 ). With exception of a younger date of 353 εa for the amphibolite enclave sample (11SR02-4), the other amphibolite and two-mica granite samples show relatively consistent zircon U-Pb ages ranging from 366.4 to 35λ.4 εa, indicating that the Zhengga two mica granites and amphibolites were emplaced in the δate Devonian-Early Carboniferous.
Major and trace elements
The Late Paleozoic Zhengga intrusive rocks can be subdivided into a mafic group and a felsic group ( Figure 5 ; Table 1 ). The mafic rocks have low SiO 2 (47.0-56.2 wt.%), Al 2 O 3 (10.2-16.2 wt.%) and high MgO (6.8-12.λ wt.%), and plot in the subalkalic basalt field on the Zr/TiO 2 versus Nb/Y diagram ( Figure 5 ). This group are similar in composition to high-MgO basalt, which is defined as having SiO 2 ≤ 54 wt.%, εgO ≥ 7 wt.%, and Al 2 O 3 < 16.5 wt.% (Kersting and Arculus, 1994; Pichavant et al., 2002) . Figure 6d ).
Sr-Nd-Hf-O isotopes
In this study, initial Sr-Nd isotopic ratios of the Zhengga granite and literature data were calculated using a weighted mean formation age of 361.5 εa. The Zhengga mafic and felsic rocks exhibit very different bulk rock Nd isotopic signatures ( Table 2 ). The mafic rocks have variable positive Nd (t) values (+3.3 to +8.0) with Nd-isotope model ages (T Dε ) ranging from 454 to λ46 εa, while the felsic rocks show negative and relatively uniform Nd (t) values (-7.8 to -8.6) with Nd-isotope model ages (T Dε ) ranging from 2.10 to 1.83 Ga (Figure 7 ; Table 2 ).
Except for one mafic sample (11SR02-4) that has high Rb content (306 ppm) with very low initial 87 Sr/ 86 Sr ratios of 0.688λ, the Zhengga mafic and felsic rocks both have variable initial 87 Sr/ 86 Sr ratios (0.7054-0.7173 and 0.7030-0.7374, respectively) ( Figure 7 ; Table 2 ). The low initial 87 Sr/ 86 Sr calculated for 11SR02-4 is due to the addition of Rb during sub-solidus alteration. This is confirmed by the recalculation of the initial 87 Sr/ 86 Sr for sample 11SR02-4 using the average of the Rb content in the rest of the mafic samples (128 ppm) which yields a more realistic initial 87 Sr/ 86 Sr ratio of 0.7070.
The zircon Hf-O isotopic data for the Zhengga mafic (09TB78-3) and granite sample (09TB78-2, 11SR02-1 and 11SR02-3) are given in Table S2 . Zircon analyses from the amphibolite have consistent initial 176 Hf/ 177 Hf ratios, ranging from 0.282560 to 0.282865, and 
Discussion
Petrogenesis of Zhengga mafic rocks
Effects of alteration and metamorphism
Petrographic observations show that the studied Zhengga mafic samples have experienced varying degrees of alteration, up to greenschist facies metamorphism, as indicated by the presence of epidote ( Figure 3 ). It is therefore important to evaluate the elemental effects of alteration and low-grade metamorphism before using the geochemistry to interpret their tectonic settings.
Correlations between other elements and a known immobile element (Zr in this study) can be used to assess the mobility of elements (e.g., Hastie et al., 2013) . With the exception of the alkali metals (such as Rb, K), most other large ion lithophile elements (such as Na, Mg, Ca, Sr and Ba), High-Field Strength Elements (HFSEs) (such as Nb, Ta, Th and Hf), REEs and Y all show good correlations with Zr ( Figure S2 ). This indicates that these elements were relatively immobile during metamorphism and alteration (cf. Hastie et al., 2013) . These are consistent with studies that show that the REEs and HFSEs as well as Th and Ti are generally relatively immobile in igneous rocks during alteration and low-grade metamorphism (Hastie et al., 2007) .
Crustal contamination
Crustal contamination is almost inevitable for mantle-derived melts during their ascent through continental crust or their evolution within crustal magma chambers (e.g., Castillo et al., 1999) . The slightly variable Nd isotope characteristics and depleted Nb-Ta anomalies of the Zhengga mafic rocks could possibly be the result of crustal contamination during magma ascent. Given that crustal components generally contain distinctly low Nd (t), MgO, low (Nb/La) PM and Nb/Th values and high 87 Sr/ 86 Sr ratios (Rudnick and Fountain, 1995) , any crustal contamination that occurred during magma ascent would have caused an increase in ( 87 Sr/ 86 Sr) i and a decrease in Nd (t) with increasing SiO 2 in the magma suites (e.g., Rogers et al., 2000) . However, such a compositional trend has not been observed for the Zhengga mafic rocks (Figure 7 ), suggesting that minimal crustal contamination occurred during the formation of these rocks. Moreover, the vast majority of the Zhengga mafic rocks show a small range in initial 143 Nd/ 144 Nd ratios (0.5123-0.5126) and high and positive Nd (t) (+3.3-+8.0) ( Table 2) , which also are inconsistent with significant crustal contamination.
Mantle Source and Petrogenesis
The Zhengga mafic rocks possess low SiO 2 , Al 2 O 3 and high MgO, Cr and Ni contents with high positive Nd (t) and Hf (t) values, suggesting they are derived from a depleted mantle source. The Late Paleozoic mafic rocks from the Zhengga area exhibit marked negative Nb-Ta-Ti anomalies on primitive mantle-normalised incompatible trace element diagrams ( Figure 6c ), indicating that they are unlikely to be derived from normal MORB-or OIBsource mantle (e.g., Hofmann, 1997) .
Subduction-related magmas are characterised by significant enrichment in Large Ion
Lithophile Elements (LILEs) (Rb, Ba, Sr) and light (L)REE relative to the HFSE (Nb, Ta, Zr, Hf) and HREE, with significant negative Nb-Ta-Ti anomalies on N-MORB-normalised multi-element diagrams (e.g., Pearce et al., 2005) . These characteristics are also shown by the Late Paleozoic mafic rocks from the Zhengga area ( Figure 6c ) and so these rocks are likely to have formed in a subduction-related setting.
The Zhengga mafic magmas therefore, were most probably derived from a mantle source metasomatised, or enriched, by fluids or melts derived from subducted oceanic slabs comprising basaltic crust and sediment. Previous studies have shown that slab-derived fluids have high contents of Ba, Sr, U and Pb (e.g., Elliott, 2003) , whereas subducted oceanic sediment-derived melts contain high concentrations of both Th and LREE contents, but with distinctly elevated Th/La and Th/Ce ratios (e.g., Hastie et al., 2013; Plank, 2005) . This is because Th is a strongly incompatible element and is abundant in sediments and the middleupper crust (e.g., Plank, 2005; Rudnick and Gao, 2014) .
The Zhengga mafic rocks possess low Sr/Th (mean 165), which are inconsistent with the fluid-induced enrichment (Figure 8d ). In contrast, relatively high Th/La ratios of the Zhengga mafic rocks (mean 0.17) lie between that of N-MORB (Th/La = 0.05) and marine sediments sediment (Th/La = 0.2), and suggest potential involvement of sediment-derived melts in the generation of the Zhengga mafic rocks. The Zhengga mafic rocks have Th contents ranging from 1.2 to 6.8 ppm (with an average of 2.8 ppm), which also plot between MORB (0.12 ppm) and average global subducting sediment (GLOSS = 6.9 ppm) or upper crust (10.5 ppm).
These can plausibly be attributed to involvement of sediments or crustal materials at a convergent margin (Plank, 2005; Rudnick and Gao, 2014) .
During the Late Paleozoic, the Lhasa Block has been proposed to be either a passive margin of the Gondwana supercontinent (Garzanti et al., 1999; Golonka and Ford, 2000) or a back-arc area related to southward subduction of the Proto-or Paleo-Tethyan Ocean (Cawood, 2007; Dong et al., 2014; Guo et al., 2016; Zhu et al., 2013) . Rift basalts formed in passive continental extension setting usually have alkaline or peralkaline affinities (Garland et al., 1995; Pin and Paquette, 1997; Wilson, 1989) or high Ti/Y ratios (>400) (Pearce, 1982; Zhu et al., 2010) , which is not consistent with the subduction-related geochemical features of the Zhengga mafic rocks. On the other hand, back-arc basin basalts are commonly formed by the upwelling asthenosphere in a supra-subduction zone setting and the vast majority have geochemical signatures of both MORB and arc volcanic rocks (e.g., Gribble et al., 1996 Gribble et al., , 1998 Schellart et al., 2006) . Such features are generally acknowledged to be unique to backarc basin basalts (e.g., Gribble et al., 1996 Gribble et al., , 1998 . The Zhengga mafic rocks display distinct depletions in HFSE (e.g., (Nb/La) PM = 0.18-0.4λ) (Figure 6c ), which can be attributed to the immobility of HFSE in fluids derived from the subducting oceanic crust and/or sediments at a convergent margin (e.g., Elliott, 2003; Hastie et al., 2009) . High Nd (t) values (up to +8.0) (Table 2 ) are similar to those of the Paleo-Tethyan ophiolites (Figure 7 ). In addition, the Zhengga mafic rocks collectively exhibit a range of other compositional features (e.g., Ti/V = 20-33; δa/Nb = 2-8) that support formation in a back-arc basin setting ( Figure   8 ). On the Th/Yb vs. Ta/Yb diagrams ( Figure S3 ), the Zhengga mafic rocks all plot within field of the continental arc basalt rather than the oceanic arc basalt, suggesting an intracontinental back-arc setting.
In conclusion, the latest Devonian Zhengga mafic rocks, located in southern Lhasa, were likely derived by decompression melting of asthenosphere metasomatised by subducted sediment and crustal materials in an intra-continental back-arc extension setting.
Petrogenesis of Zhengga felsic rocks
The Zhengga felsic rocks are characterised by markedly high and variable SiO 2 , Al 2 O 3 and low εgO contents with high A/CNK and negative Nd (Figures 5 and 7) . This is confirmed by AFC modelling which shows that a crustal input of 90 % to the Zhengga mafic magmas would be needed to replicate the composition of the felsic magmas (Figure 7) .
Although the high and variable A/CNK ratios of the Zhengga felsic rocks may result from their K 2 O contents being affected by alteration, their high SiO 2 and Al 2 O 3 contents and negative Nd (t) values in addition to the presence of aluminous minerals (muscovite and garnet) all imply that they are derived from a crustal source (Figures 4 and 7) . Furthermore, their low Nb/U (1.7-7.2) ratios are similar to upper continental crust (4.4-8.λ) (Taylor and McLennan, 1995; Rudnick and Gao, 2014) . The negative Nd (t) values and ancient Nd model ages (2.10 to 1.83 Ga) of the Zhengga felsic samples are also similar to those of the metasediment-derived Himalayan leucogranites (e.g., Guo and Wilson, 2012) , which further supports an upper crustal source.
Zircon δ 18 O values (7.3‰-10.8‰) of the Zhengga felsic rocks (Table S2) , are equivalent to bulk-rock values of λ.λ‰-13.4‰, and are consistent with supracrustal clastic sediment components (>10‰) (Valley et al., 2005) . Despite this, these values are slightly lower than zircon 18 O values (8‰-12‰) of Great Himalayan pure sediment-derived granites (Hopkinson et al., 2017) , suggesting that a low δ 18 O component also contributed to the generation of the Zhengga felsic rocks. This, combined with their somewhat elevated Cr (up to 110 ppm) contents and higher Nd (t) values (-8.6 to -6.7) compared to the metasedimentary-derived leucogranites from the central δhasa ( Nd (t): -13.7 to -10.6) (Liu et al., 2006) and Himalaya areas (-17.5 to -10.5) (Guo and Wilson, 2012) also supports a potential input of a small amount of mantle-derived magma to the Zhengga felsic magmas.
Calculation of zircon saturation temperatures (T Zr ) using the updated equation proposed by Boehnke et al. (2013) and monazite saturation temperatures (T LREE ) after Montel (1993) (Figure 6c ), garnet seems unlikely to be a major residual mineral, which may imply a low pressure (<7 kbar) of melting (Patiño Douce and Beard, 1996) .
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The Zhengga felsic rocks display variable SiO 2 (65.4-77.3 wt.%) and Al 2 O 3 (11.5-17.3 wt.%) contents with negative Eu anomalies (Eu/Eu* ratios from 0.25 to 0.87; Figure 6c ), indicating plagioclase and/or K-feldspar fractionation. Fractionation of plagioclase would result in negative Sr-Eu anomalies, and that of K-feldspar would produce negative Eu-Ba anomalies (Wu et al., 2003) . The good negative correlation between Al 2 O 3 and Ba contents with increasing SiO 2 contents ( Figure S5 ) suggests that the Zhengga felsic rocks more likely experienced various degrees of K-feldspar fractionation.
To conclude, we consider that the latest Devonian Zhengga felsic rocks were generated from melting of metasedimentary rocks at 700-760 °C. These melts subsequently underwent recharge with a small amount of mafic magma and fractional crystallisation of K-feldspar in mid-upper crust (~10-20 km) magma chambers.
Late Paleozoic magmatism and tectonic evolution of Lhasa block
Compared to other blocks that rifted from the Gondwana supercontinent, such as Yangtze, North China, Tarim, Indochina/East Malaya/West Sumatra, Sibumasu and West Burma (e.g., Cawood, 2007; Metcalfe, 2006 Metcalfe, , 2013 Torsvik et al., 2012) , relatively little is known about the Late Paleozoic tectonic evolution of the Lhasa Block. The Late Devonian to Early Carboniferous magmatism reported in this study sheds new light on the evolution of the Lhasa Block and the tectonic reconstruction of Gondwana.
Late Devonian to Early Carboniferous magmatism in the Lhasa Block is mainly found in the eastern segment (~200 km between Sangri to Nang) (Dong et al., 2010 (Dong et al., , 2014 2012 and this study) and in the Zhongba and Xiongcun areas of the western segment (Dai et al., 2011; Lang et al., 2017) of the southern Lhasa sub-block ( Figure 2 ; Table S4 ). The Zhongba and Xiongcun gabbros were emplaced at 342 Ma and 363 Ma, respectively, and both were suggested as remnants of Paleo-Tethyan oceanic crust (Dai et al., 2011; Lang et al., 2017) . In contrast, the magmatic rocks from Sangri to Nang are mainly granitoids and associated amphibolites, and they represent a bimodal igneous association formed in a backarc extensional setting (Dong et al., 2014; Wu et al. 2013; Zhu et al., 2013 and this study).
The granitoids were primarily intruded between 371 and 345 Ma, while the mafic rocks were generally emplaced from 365 to 353 Ma (Dong et al., 2010 Ji et al., 2012 and this study) (Table S4 ).
Previous studies mainly favour a back-arc spreading setting for the northern margin of Gondwana related to southward subduction of Proto-or Paleo-Tethyan Ocean that is represented by Bangong-Nujiang suture and Longmu Tso-Shuanghu Suture Zone during the Paleozoic (Cawood, 2007; Dong et al., 2014; Guo et al., 2016; Zhu et al., 2010 Zhu et al., , 2013 . In this tectonic scenario, the Lhasa Block did not rift away from the northern margin of Gondwana until the Early Permian (e.g., Enkin et al., 1992; Zhu et al., 2010 Zhu et al., , 2013 or even later (Late Permian to Late Triassic) (e.g., Dong et al., 2014; Ferrari et al., 2008; Golonka and Ford, 2000; Metcalfe, 2006 Metcalfe, , 2013 . As discussed above, however, the Zhengga mafic rocks show affinities of intra-continental back-arc basalt, suggesting a subduction-related, rather than passive continent margin, setting. In addition, the expected Late Paleozoic arc-type magmatism is not found in northern and central Lhasa sub-blocks, where the Devonian to Early Carboniferous limestone was deposited ( Figure S1 ), which is also inconsistent with a southward subduction scenario.
Instead, we suggest that the Lhasa Block may have been a microcontinent isolated in the Paleo-Tethyan Ocean basin, during the Late Devonian to Early Carboniferous time ( Figure   9a ). In this conceptual model, the latest Devonian bimodal magmatism in southern Lhasa was caused by northward subduction of the branch Paleo-Tethyan Ocean (Figure 9b ). Our model is based on the following evidence: (1) Late Devonian (364 Ma) OIB-type alkaline amphibolites have been found in the mélange zone of the western Indus-Yarlung Tsangpo suture to the south of Lhasa Block (Figure 1) (Dai et al., 2011) . This is not an isolated case and the Early Carboniferous (341 Ma) gabbros found in Xigaze area also are considered as a remnant of Paleo-Tethyan Oceanic crust (Lang et al., 2017) . Likewise, 39 Ar-40 Ar dating of clinopyroxene and plagioclase from the layered amphibolites identified in the Luobusha ophiolite of the east Indus-Yarlung Tsangpo suture yield an Early Carboniferous age of 353-352 Ma (Mo et al., 2008) (Figure 3 ). All these indicate the existence of potential Paleo-Tethyan oceanic crust separating the Lhasa block from the Gondwana continent during the Late Devonian to Early Carboniferous (Figure 9 ), which is similar to the Sibumasu (Jian et al., 2009; Wang et al., 2012) . (2) As mentioned above, an arc-related affinity of the Zhengga mafic rocks and widespread coeval bimodal magmatism in the southern Lhasa is inconsistent with a passive rift or extension in Lhasa as part of northern margin of the Gondwana (Garzanti et al., 1999; Golonka and Ford, 2000) . In addition, on the another scenario that the (Figure 9b ). It is also worth noting that northward drift of all of the continental fragments that rifted from Gondwana is also supported by the evidence for general northward convective mantle circulation during Late Paleozoic-Mesozoic evolution of Tethys (Sengor, 1987; Stampfli et al., 2013) .
We therefore suggest that a potential Late Devonian-Carboniferous continental arc might have existed farther south of present-day southern Lhasa (Figure 9b ), given significant subduction erosion and crustal reworking during the Mesozoic to Cenozoic (Hu et al., 2014) .
Future detailed work on identification of Late Paleozoic ophiolites in the Indus-Yarlung Tsangpo, Bangong-Nujiang, and Longmu Tso-Shuanghu Suture Zones as well as coeval arc magmatism in Lhasa will provide a test for the tectonomagmatic models proposed by this and previous studies (e.g., Dan et al., 2018; Dong et al., 2014; Guo et al., 2016; Ji et al., 2012; Zhu et al., 2013) .
Nature and evolution of continental crust in southern Lhasa
It is generally accepted that significant Phanerozoic crustal growth occurred in southern Lhasa (e.g., Hou et al., 2016; Ji et al., 2009; Niu et al., 2013; Zhu et al., 2011) . Broadly speaking two models have been proposed to account for the timing and mechanism of crustal growth in the region. The first proposes that the underplating of mantle-derived mafic magmas and the recycling of subducted oceanic crust during Neo-Tethyan subduction played an important role in crustal growth (e.g., Hou et al., 2016; Ji et al., 2009; Ma et al., 2013; Wei et al., 2017) . The second model argues that continental collision zones were the primary sites of net continental crust growth (e.g., Mo et al., 2007; Niu et al., 2013; Zhu et al., 2013) .
However, both models mainly focus on localised apparent age and the pre-Mesozoic crustal evolution history of southern Lhasa remains poorly understood. We have therefore compiled almost 3000 zircon Hf isotope and 248 whole-rock Nd isotope analyses from magmatic rocks of southern Lhasa in order to assess crustal evolution of the block through time.
Granitic rocks dominate the preserved magmatic record in southern Lhasa, and thus, discussion of new continental crust formation has focused on the granitic rocks in this study.
The Hf model age of granitoids indicate that ~90% of crust in southern Lhasa was formed during 2500 Ma to 550 Ma at a gradually increasing growth rate (Figure 10a ). Thus, the significant period of crustal generation in southern Lhasa appears to have occurred substantially earlier than previously thought (i.e., the Late Triassic to Early Tertiary) (e.g., Ji et al., 2009; Ma et al., 2013; Niu et al, 2013; Wei et al., 2017; Zhu et al., 2013) .
The wide range of radiogenic Nd-Hf isotope compositions for the Phanerozoic granitic rocks require at least two distinct crustal components to be involved in the genesis of these magmas in southern Lhasa (Figure 11 ). One with high Nd-Hf isotopic ratios likely represents juvenile crust, whereas another with low Nd (t) and zircon Hf (t) values (down to -9 and -13, respectively) is likely to be reworked ancient crust (Figure 11a, b) . In this study, the distinct Nd-Hf-O isotopic composition of Devonian-Carboniferous mafic and felsic rocks also support presence of two crustal end-members beneath the southern Lhasa during the Late Paleozoic (Figure 7) .
The contracting wedge-shaped array such that zircon Hf (t) values becomes increasingly juvenile and less diverse during Late Devonian to Eocene (Figure 11b On this diagram, the crustal end-member is represented by the integral crust (Figure 11b ), and the juvenile component is characterised by the mafic rocks that are coeval with the granitic rocks (Table S5 ).
Although this figure represents an approximation, it does give an overview of the crustal evolution from the Devonian to the Tertiary and suggests that southern Lhasa experienced variable crustal growth and reworking ( Figure 10 ). Our data imply the latest Devonian (ca. 360 Ma) granitoid magmatism contains ~60% juvenile component (Figure 10b ). In combination with widespread coeval mafic rocks (Figure. 2) (Dong et al., 2014; Ji et al., 2012) , the Zhengga mafic rocks with high Nd (t) and Hf (t) values support significant crustal growth in southern Lhasa during Devonian-Carboniferous (Figure 7) . Thus, our results indicate that the Paleozoic is a likely period of juvenile crustal accretion in the southern Lhasa Block, and the crustal growth is likely greater than reworking at this time. The magmatic record during this time is still poorly constrained and more studies on Pre-Mesozoic magmatism in Lhasa will be critical and able to verify or refine this model.
As indicated by previous research (e.g., Ji et al., 2009; Ma et al., 2013; Wei et al., 2017) , the Early Jurassic to early Late Cretaceous (ca. 200−λ0 εa) appears to represent one of the most significant periods of crustal growth in southern Lhasa. Meaningfully, the significant increase in juvenile input (~30 percentage points) (Figure 10b) , accompanied by the abrupt shift of integral crust curve (Figure 11b ), indicate intense crustal growth in a short interval . After that, the addition of new material by arc magmatism appears to be balanced by the return of crust into the mantle until the Late Cretaceous. A decrease in mantle input since then can be observed (Figure 10b ), suggesting raising crustal reworking during 90 to 60 Ma.
The more restricted range in zircon Hf reflects diminishing crustal reworking and increasing mantle input over time, which is suggested to represent a fingerprint of external orogens (Collins et al., 2011) . Southern Lhasa during Late Paleozoic to Mesozoic was likely to have been such an external orogen, where the old crust is removed due to sediment subduction and subduction erosion and replaced by newly formed crust. During evolution of external orogen, repetition of these processes along with crustal re-melting, led to the range of radioactive Nd-Hf isotope signatures gradually narrowing and becoming juvenile until the removed component is similar to new material (Collins et al., 2011) . Our study thus suggest the southern Lhasa has experienced significant building and reworking of continental crust during Paleozoic to Mesozoic, and was transformed from an ancient microcontinent into a new terrane. The rate of continental crust generation relative to crust destruction likely have been greater at certain times, such as the latest Devonian and Early Jurassic (Figure 10b) .
The external and internal orogenic systems are proposed as two fundamental dynamic evolution of Earth (Collins et al., 2011) . Crustal growth is generally greater than reworking in the external orogen, whereas crustal reworking is stronger in the internal orogen. However, these two systems may alternate in the same orogenic belt, even repeatedly. Such information may be particularly helpful in young orogens where the ancient lithological record is only very incompletely preserved, largely hidden below younger rocks, or tectonically dismembered. Thus, the study of crustal growth for the young orogens needs to fully consider and evaluate the influence of crustal reworking. 2) The Zhengga mafic rocks were generated by decompression melting of metasomatised asthenosphere associated with intra-continental back-arc extension.
3) The Zhengga two-mica gneissic granites were derived from an ancient metasedimentary source and subsequently underwent minor mafic magma recharge and fractional crystallisation of K-feldspar.
4) The southern δhasa Block was once a microcontinent with Precambrian basement and transformed into juvenile terrane by significant Phanerozoic crustal growth and reworking.
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